I. INTRODUCTION
(Ba,Sr)TiO 3 , ͑BST͒, has been extensively investigated as an alternative dielectric material replacing the conventional silicon oxide in dynamic random access memories because it possesses a high dielectric constant, large breakdown strength, and little fatigue at the device operating conditions. 1 One of the important properties that should be controlled in the implementation of this material into devices is a leakage current level, which should be low enough to insure the device operation. Accordingly, much effort has been made to realize lower leakage current levels and to understand leakage conduction mechanisms. [2] [3] [4] [5] [6] [7] [8] The Schottky emission or its modified equations were often used to describe the conduction mechanism in Pt/ BST/Pt capacitors in many studies. [2] [3] [4] However, the estimated values of some parameters such as the Richardson constant and dielectric constants were somewhat inconsistent with each other depending on the deposition techniques used. These discrepancies indicate that the leakage current depends strongly on film microstructures because the different deposition processes in the studies were likely to produce different microstructures. [5] [6] [7] [8] Therefore it is very necessary to investigate the effects of microstructure on the leakage currents to obtain a full understanding on leakage currents. Some attempts have been made to reveal the effects of film microstructures on the leakage currents. [6] [7] [8] Different microstructures usually produce different interface states between BST and Pt, which make the interpretation of only the microstructure effects difficult. This appears a main reason why some ambiguities still remain in spite of the previous attempts. 7, 8 Thus in order to investigate ''true'' microstructure effects, it is very necessary to first make BST thin films with an identical interface state but different microstructures.
In this article, the leakage current behaviors in Pt/BST/Pt capacitors deliberately prepared with three different microstructures ͑granular, columnar, and epitaxial͒ but maintaining an identical interface state were investigated. This allowed us to evaluate true microstructure effects on the leakage current behaviors, and we found that the dominant leakage mechanism changes from the Schottky emission to the FowlerNordheim ͑FN͒ tunneling depending on the microstructures of the BST films.
II. EXPERIMENT
BST thin films were deposited by a rf magnetron sputtering technique on Pt͑001͒/MgO͑001͒ substrates. The ͑001͒ oriented Pt layers, used as the bottom electrodes, were also prepared by the same technique. Experimental conditions and structural characterization of the Pt layers have been described in detail elsewhere. 9 A 2 in disk type of (Ba 0.5 Sr 0.5 )TiO 3 bulk ceramic with an 30% excess of Ba and Sr, respectively, made by a conventional ceramic powder processing was used as the target. The thickness of the BST films was controlled to be 110 nm.
To single out the microstructural effects only, the BST films with three different microstructures ͑granular, colum- nar, and epitaxial͒ but possessing an identical interface state with the Pt bottom electrodes were prepared as follows. First, a seed BST epilayer of 20 nm thickness was deposited on Pt͑001͒/MgO͑001͒ at 650°C by applying low rf powers ͑20 W for the first 10 min and 30 W for the next 10 min͒. Then, the granular ͑type I͒ or the columnar ͑type II͒ BST film was prepared ex situ on the seed layer by applying a higher rf power of 40 W for 60 min at a substrate temperature of 150°C ͑type I͒ or 350°C ͑type II͒ followed by postannealing both at 650°C for 90 min in air. In the mean time, the epitaxial BST film ͑type III͒ was grown in situ at 650°C with 40 W for 60 min on the seed layer and subsequently annealed at 650°C for 30 min. It should be noted that the post-annealing time was controlled in the manner of exposing the seed layer to the identical high temperature condition ͑650°C for 90 min͒. Prior to high temperature post-annealing processes, Pt layers were sputter-deposited on the BST films at room temperature using a shadow mask to produce top electrodes of 0.1 mm in diameter.
Scanning electron microscopy ͑SEM͒ was used to characterize the microstructure of the films. Transmission electron microscopy ͑TEM͒, x-ray diffraction ͑XRD͒ and Rutherford backscattering spectrometry ͑RBS͒ channeling were used to characterize the epitaxial nature, phase and crystallinity of the films. Current-voltage characteristics were measured by using a HP 4145B semiconductor parameter analyzer in Pt/BST/Pt capacitors at temperatures ranging from room temperature to 150°C. Staircase shaped dc bias voltages, with a 0.05 V step and 3 s span, were applied to the top electrodes while the bottom electrodes were grounded. Several preliminary measurements confirmed that the I -V measurement procedure was good enough to obtain steady state leakage currents.
III. RESULTS AND DISCUSSION
Cross-sectional SEM micrographs of the films and their schematics of the obviously different microstructures are displayed in Fig. 1 . The type I film, deposited at 150°C and subsequently crystallized by the post-annealing, is made up of granular grains of around 30 nm in diameter. The grains are believed to be randomly nucleated and grow during the post-annealing in the matrix of the amorphous BST phase. The type II film, deposited at 350°C and post-annealed, shows largely columnar grains extending through the whole film. In sharp contrast, the type III film grown in situ shows no evidence of grain boundaries. XRD was used to study the phase, orientation and crystallinity of the BST films prepared by the three different conditions. The type I and type II films were randomly oriented with a single phase of perovskite BST, while the type III film showed a completely ͑001͒ orientation.
The type III film was further studied by TEM to confirm its epitaxial nature. Figure 2 shows a typical TEM crosssectional image including a diffraction pattern obtained at the BST/Pt interface. The interface appears sharp without any trace of an interface layer. The well-defined diffraction pattern suggests a cube-on-cube epitaxy between BST and Pt. The minimum yield measured in the RBS channeling, not presented here, was as low as 30.6%. From the results of the RBS channeling, XRD, and TEM, it is reasonable to conclude that the type III film grew epitaxially. It is worthwhile to note that the seed layer was more likely to grow epitaxially because it was deposited with much lower rf powers but at the same substrate temperature compared to the type III film.
FIG. 1. Cross-sectional SEM images and their schematics of the three types of BST films: ͑a͒ type I, ͑b͒ type II, ͑c͒ and type III. As described schematically, the type I film is composed of small granular grains, the type II film is columnar, and the type III film is grown epitaxially with no evidence of grains. The leakage currents for the three types of BST films were measured in the temperature range from room temperature to 150°C, within which almost the same leakage behavior was observed as a function of applied electric field. As an example the data measured at 100°C are displayed in Fig. 3 . It is of note that the leakage currents of the type II film are somewhat different depending on the polarity of applied voltage, but the other two films show little differences.
With these results, the effective barrier heights, 0 Ј , were estimated for the film capacitors using the general Schottky emission equation 2, 3, 8 JϭA*T
where J is the current density, A* the Richardson constant, T the temperature, k the Boltzmann constant, q the electronic charge, r the relative dielectric constant, and 0 the permittivity of free space, reflecting the lowering of barrier height by image force. As described earlier, the capacitors were designed to possess identical interface states at the bottom electrodes but not at the top electrodes. It is thus likely that the energy barrier heights at the bottom electrodes obtained when applying positive voltages to the top electrodes are different from those at the top electrodes when applying negative voltages to the top electrodes. Figures 4͑a͒ and 4͑b͒ summarize the activation energies as a function of square root of applied electric field in the Pt/BST/Pt film capacitors with the top electrodes biased positively and negatively, respectively. In the case of the positive bias, it is likely that electrons injected from the bottom electrodes overcome the same interface state, thereby the difference in the leakage currents in the capacitors is largely due to the microstructure difference in the BST film interior. In Fig. 4͑a͒ , the effective barrier height of the type I film composed of granular grains is estimated, by extrapolating, to be 0.7 eV, consequently yielding the lowest leakage current. On the other hand, the effective barrier height of the type III film is 0.5 eV, resulting in a highest leakage current level at all measured temperatures comparing to the other two films. Since in the type II film the leakage currents changed drastically depending on the measured temperatures, the analysis for the effective barrier height for the film was performed separately in the low and high temperature regions. Interestingly, as can be seen in the figure, in the low temperature region, the effective barrier height of the type II is estimated to be 0.5 eV, which is the same as that of the type I film, whereas in the high temperature region, it increases to be 0.7 eV, the value of the type III film.
In the same way, the effective barrier heights at the top electrodes can be obtained in Fig. 4͑b͒ . Both the type II and the type III films show a similar barrier height of 0.7 eV. And the height of the type I film is 0.8 eV. It is likely that the slight differences between the barrier heights at the top and at the bottom electrodes originated from different interface states at the top electrodes. Also it is worth noting that, in contrast to the case of the positive bias, the leakage currents in the capacitors may be affected not only by the microstructure difference in the film interior but also by the different interface states at the top electrodes.
The estimated effective barrier heights are quite low compared to the previously reported Schottky barrier heights of about 1.5 eV in Pt/BST junctions, 5 suggesting that current conduction in the Pt/BST/Pt film capacitors is not governed solely by thermionic emission over the Schottky barrier built at the BST/Pt interface, which has been assumed in Eq. ͑1͒. The plot following the FN tunneling, known as another possible leakage mechanism, is summarized in Fig. 5 , in which leakage current divided by squared electric field is plotted as a function of reciprocal electric field using the I -V data measured at room temperature with the top electrodes biased positively. For only the type III film, linearity can be observed in the wide electric field region, supporting that the FN tunneling is a ruling leakage mechanism in the type III film, and suggesting that the reduction of the effective barrier height in the film is due to the tunneling current. 10 We propose energy band diagrams to explain our results from the viewpoint of microstructure, as schematically described in Fig. 6 . We assume that, regardless of the different film microstructures, both the top and the bottom interface states are identical. This assumption is true only for the bottom interface state that was deliberately engineered using a seed layer. However, we apply this assumption to the top interfaces as well to emphasize the microstructure effect. We also assume that the Pt/BST interfacial depletion layer width W is not large enough to form a fully depleted film. This assumption may be indirectly supported by the fact of the FN tunneling behavior observed in the epitaxial film. At grain boundaries a back-to-back Schottky barrier is usually formed due to a depleted space charge layer, whereas its width has been estimated to be in the range of 30 to 200 nm in bulk ceramics of SrTiO 3 . In the type I film, made mostly of granular grains smaller than the depletion width, the depleted layers at the grain boundaries overlap each other, consequently leading to a complete depletion through the whole film thickness, as in Fig. 6͑a͒ . In this case, the leakage current should occur only by the thermally activated emission, and the barrier height is the key for determining the leakage current level. This is why in the type I film the Schottky emission dominated and the effective barrier height was larger. In contrast, in the type III film, the Schottky barriers are most likely formed only at the film/electrode interfaces because the film grew epitaxially without any significant grain boundaries, as in Fig. 6͑c͒ . When this happens, a partially depleted layer is formed at the interfaces. The conducting electrons emitted at the Pt electrode are thus likely to tunnel through the barrier more easily. This is why in the type III film the FN tunneling mainly governed as a leakage conduction mechanism, and the smaller effective barrier height than the type I film was observed. In the mean time, in the type II film a few numbers of a back-to-back Schottky barrier may be formed in the interior of the film, as described in Fig. 6͑b͒ . In this case, the tunneling appears operative only at low temperatures while the thermally activated process, i.e., the Schottky emission, becomes more dominant at high temperatures, as observed in this study.
It was reported that the BST films 2 prepared by chemical solution deposition ͑CSD͒ or metalorganic chemical vapor deposition ͑MOCVD͒ showed the Schottky emission and lower leakage current levels than the BST films by hightemperature MOCVD 3 or sputtering 4 in which the FN tunneling largely dominated. Such controversial results can be explained with our model, based on the microstructural differences between the films. This model is assured by the x-ray photoemission spectroscopy measurements by Copel et al., who reported W of 70 and 130 nm for MOCVD and CSD polycrystalline films, respectively. 6 Their results suggest the microstructural effects on depletion models, and enable us to predict that W of the epitaxial BST films can be smaller than 70 nm. On the other hand, it seems that different concentrations of bulk carrier traps, which might have been led during different growth conditions used to synthesize our BST films, do not have a large enough effect on changing the conduction mechanisms, because epitaxial BST films having the lowest bulk traps showed the largest leakage currents and followed the FN tunneling conduction. According to our model, to reduce the leakage currents in a polycrystalline BST film, the grain size should be made small enough for the depletion layer to be formed entirely in it. Another possible approach for reducing the leakage current is to increase the height of energy barriers formed both at grain boundaries of film interior and interfaces between a film and an electrode, which may be realized by doping a small amount of acceptors. 
IV. CONCLUSION
To investigate true microstructure effects on leakage currents in Pt/BST/Pt capacitors, three types of BST films with an identical interface state at the BST/Pt interfaces were prepared using an rf magnetron sputtering technique. In the BST film consisted of small granular grains, a fully depleted energy band could be constructed, thereby allowing the Schottky emission to dominate as a ruling leakage conduction mechanism. In contrast, the epitaxial BST film showed the FN tunneling conduction behavior due to a partially depleted barrier. In the BST film of columnar grains the FN tunneling operated in the low temperature region, while the Schottky emission did in the elevated temperature region. The results imply that the control of the morphological as well as the chemical nature of grain boundaries of BST thin films could be an important step to lower the leakage current levels in Pt/BST/Pt capacitors.
